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Abstract
The parity-transfer (16O, 16F(0−, g.s.)) reaction is presented as a new probe for investigating
isovector 0− states in nuclei. The properties of 0− states provide a stringent test of the threshold
density for pion condensation in nuclear matter. Utilizing a 0+ → 0− transition in the projectile,
the parity-transfer reaction transfers an internal parity to a target nucleus, resulting in a unique
sensitivity to unnatural-parity states. Consequently, the selectivity for 0− states is higher than in
other reactions employed to date. The probe was applied to a study of the 0− states in 12B via
the 12C(16O, 16F(0−, g.s.)) reaction at 247 MeV/u. The excitation energy spectra were deduced
by detecting the 15O + p pair produced in the decay of the 16F ejectile. A known 0− state at
Ex = 9.3 MeV was observed with an unprecedentedly high signal-to-noise ratio. The data also
revealed new candidates of 0− states at Ex = 6.6±0.4 and 14.8±0.3 MeV. The results demonstrate
the high efficiency of 0− state detection by the parity-transfer reaction.
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The pion is a main mediator of the nucleon-nucleon (NN) interaction [1]. Owing to its
isovector (T = 1) pseudoscalar (Jpi = 0−) nature, the pion generates a strong tensor force
in the NN interaction, which regulates the strong nuclear binding due to mixing of states
with different angular momenta [2, 3], saturation in nuclear matter [4], and other nuclear
phenomena. In recent years, many researchers have claimed that the tensor force manifests
in structures of unstable nuclei [5–7], where it significantly modifies single-particle levels.
The attractive nature of the one-pion exchange interaction suggests a phase transition
in nuclear matter known as pion condensation [8–10]. In the interiors of neutron stars such
as 3C58, the pion condensed phase is expected to accelerate the cooling process [11–13].
Although pion condensation hardly occurs in normal nuclei, its precursor phenomena might
be observed if nuclei are close to the critical point of the phase transition. A possible
signature of the precursor phenomena is softening of the pion degree-of-freedom, which
affects the nature of nuclear states having the same symmetry as the pion [14–18]. Of
particular interest is the isovector 0− state, which has the same quantum numbers as the
pion and is highly sensitive to the nuclear interaction leading to pion condensation [16, 17].
The appearance of soft collective 0− states in nuclei can be a direct evidence of the pion-
condensation precursor, and their energy and strength provide a clear assessment of the
critical density of pion condensation [15].
Despite rousing intense scientific interest, 0− states are poorly understood because they
are difficult to identify in experimental data. The difficulty originates from the small cross
sections of 0− states and their overlap with other spin-parity resonances. Spin-dipole (SD)
1− and 2− resonances especially hamper the finding of 0− states, as they share the same
orbital angular momentum (L = 1) [16]. This difficulty might be overcome by introduc-
ing polarization observables whose values depend on Jpi. For example, in measurements of
tensor analyzing powers in the 12C(~d, 2He) reaction [19, 20] and polarization transfer ob-
servables in the 12C(~p, ~n) reaction [21], 0− states were found at Ex ≃ 9 MeV in a system
with mass number A = 12. Recently, spin-parity decomposition of the SD strengths was
performed in 208Pb(~p, ~n) data [22]. However, the 0− states remain difficult to separate and
their experimental uncertainties are larger than those of the 1− and 2− states. To reliably
identify 0− states, a more selective tool is required.
We devise the parity-transfer (16O, 16F(0−, g.s.)) reaction as a new experimental probe
of 0− states. This reaction utilizes the 0+ → 0− transition in the projectile and transfers
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FIG. 1. Illustration of the parity-transfer reaction on an even-even target. Exploiting the 0+ → 0−
transition in the projectile, the parity-transfer reaction transfers an internal parity to the target
nucleus. Because the angular momentum and parity are conserved, unnatural-parity states with
Jpi = 0−, 1+, 2−, . . . are populated with ∆LR = 0, 1, 2, . . . , respectively. Here ∆LR is the orbital
angular momentum transfer for the relative motion between the projectile and target systems.
an internal parity to a target nucleus, resulting in a unique sensitivity to the transferred
spin-parities (see Fig. 1). First, because of the parity conservation, this reaction selectively
populates unnatural-parity states (Jpi = 0−, 1+, 2−, . . . ), preventing spectral contamination
by 1− states. Second, as described below, the angular-distribution pattern of the reaction
depends on the Jpi of the final states, allowing a clear discrimination of the 0− states from
other states. Owing to these properties, the parity-transfer reaction is a selective and efficient
probe of 0− states.
In this Letter, we report the first application results of the parity-transfer (16O, 16F(0−, g.s.))
reaction. We selected 12C as the target because it generates a 0− state at Ex = 9.3 MeV
in 12B [19, 20], providing a benchmark for confirming whether the parity-transfer reaction
effectively probes the 0− states in nuclei.
The experiment was performed at the RIKEN RI Beam Factory (RIBF) [23] using the
SHARAQ spectrometer and a high-resolution beamline [24]. A primary 16O beam was
accelerated to 247 MeV/nucleon and transported to the target position. The beamline was
dispersion-matched to the spectrometer [25, 26]. The active 12C target was a 1 mm-thick
plastic scintillation detector (equivalent 12C target thickness = 103 mg/cm2). This detector
was horizontally segmented to 16 plastic scintillators of area 5 mmH×30 mmV. From the hit
pattern of the segments, we determined the horizontal position of the beam on the target.
The beam intensity was indirectly monitored by a plastic counter installed after the target
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outside the acceptance region of the SHARAQ spectrometer. The typical intensity was
8 × 106 particles per second (pps), the maximum intensity allowed by the radiation-safety
regulations at the RIBF.
To measure the outgoing proton-unbound 16F, the SHARAQ spectrometer was operated
in “separated flow” mode [26]. The experimental setup and analysis procedure are detailed
in Ref. [26]. In this mode, the outgoing 15O+p pair produced in the 16F decay was separated
by the first dipole magnet and detected at two focal planes of the SHARAQ. The 15O particle
was detected with two low-pressure multi-wire drift chambers (LP-MWDCs) [27] and plastic
scintillation counters at the final focal plane S2; meanwhile, the proton was detected with
two MWDCs and plastic scintillation counters at focal plane S1, which locates at the low-
momentum side downstream of the first dipole magnet. The spectrometer was fixed at 0◦,
and the reaction angle was ranged up to θlab ≃ 1
◦.
The scattering angles and momenta of the outgoing protons (15O) at the target were
reconstructed from the positions and angles measured at the S1 (S2) focal plane. The
reconstruction was performed by ray-tracing. For 16F(0−, g.s.) identification, the relative
energy Erel between the two particles was deduced. The Erel resolution was 100 keV in
full-width-at-half-maximum (FWHM), and the 0− g.s. of 16F (Erel = 535 keV) was clearly
separated from the excited states. The excitation energy Ex in
12B was also determined
from the momentum vectors of the particles. After correcting for the detection efficiency
of the 15O + p coincidence events in Monte Carlo simulations, the (16O, 16F(0−, g.s.)) cross
section was obtained. The detection efficiency (18.9%) was mainly limited by the angular
acceptance range of the protons.
Panels (a) and (b) of Fig. 2 plot the double differential cross sections of the 12C(16O, 16F(0−, g.s.))
reaction at θlab = 0
◦
− 0.25◦ and 0.25◦− 0.45◦, respectively. The Ex resolution was 2.6 MeV
in FWHM. Note that the events at Ex ∼ −10 MeV were triggered by hydrogen in the target.
To clarify the selectivity of the parity-transfer reaction, the present results were overlaid
with the previous data of the 12C(d, 2He) reaction at an incident energy of 270 MeV [28].
The spectra at θcm = 0
◦
−1◦ and 6◦−8◦ are presented as the dashed curves in Fig. 2(a) and
(b), respectively. In both cases, the momentum transfers (q ∼ 0.3 and 0.5 fm−1 in Fig. 2(a)
and (b), respectively) were comparable to those of our data. The (d, 2He) cross sections
(plotted as solid curves) were smeared out to match our energy resolution. The (d, 2He)
spectra were arbitrarily normalized to the (16O, 16F(0−, g.s.)) cross sections of 1+ g.s..
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FIG. 2. Double differential cross sections of the 12C(16O, 16F(0−, g.s.)) reaction at (a) θlab = 0
◦–
0.25◦ and (b) θlab = 0.25
◦–0.45◦. Dashed curves are the experimental data of the 12C(d, 2He)
reaction at 270 MeV [28]. The (d, 2He) spectra (solid curves) are smeared out to match the energy
resolution of our data. See text for details.
Excitation of the 1+ g.s. and the 2− state at Ex = 4.5 MeV can be observed in both
reaction data, but the structures at Ex & 6 MeV largely differed between the data. The
peak at Ex = 7.5 MeV (labeled “A” in Fig. 2(b)) is prominent in the (d,
2He) data, but is
barely observable in the (16O, 16F(0−, g.s.)) data. This difference will be discussed later.
Another striking difference is seen at Ex ∼ 9 MeV in Fig. 2(a); the clear enhancement in
the (16O, 16F(0−, g.s.)) data vanishes in the (d, 2He) data. This enhancement is attributable
to a known 0− state at Ex = 9.3 MeV, which was found only with the help of tensor analyzing
powers of the (d, 2He) reaction [19], indicating the high selectivity of the present reaction
for 0− states. A similar enhancement at Ex ∼ 15 MeV is a potential candidate of a new 0
−
state.
For quantitative analysis, the cross sections of each state were extracted by Gaussian-
fitting of the obtained spectra. The continuum background from quasi-free scattering events
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FIG. 3. (a) Peak-fitting result of the spectrum at θlab = 0
◦–0.25◦. (b) Measured differential cross
sections of the states at the indicated excitation energies. The solid, dashed, and dotted curves
are the DWBA results of the 0−4 , 1
+
1 , and 2
−
2 states, respectively. The normalization factors of the
DWBA cross sections are indicated.
was estimated by the formula in Ref. [29], and the parameters were taken from Ref. [19]. The
1H(16O, 16F(0−, g.s.)) background at Ex < 0 MeV was considered as a Gaussian peak with
an exponential tail. Three known states with unnatural parity, namely, the 1+ g.s., the 2−
state at Ex = 4.5 MeV, and the 0
− state at Ex = 9.3 MeV, were attributed to the discrete
levels in 12B. Two additional peaks appeared at Ex = 6.6(4) and 14.8(3) MeV. For the
peak widths in the fitting procedure, we assumed the energy resolution of 2.6 MeV because
the intrinsic widths were assumed to be negligibly small. The peak positions and widths
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were fixed. Figure 3(a) shows the peak-fitting results of the spectrum at θlab = 0
◦
− 0.25◦,
and Fig. 3(b) shows the angular distributions of the obtained cross sections. The 0− state
at Ex = 9.3 MeV shows a forward-peaking angular distribution, which enhances the signal-
to-noise ratio of this state at the most forward reaction angle. Note that the cross-section
ratio of the 0− and 1+ g.s. in our reaction was as large as 0.6, whereas in the (d, 2He) case,
it is far smaller than 0.1 (e.g., see Fig. 1 in Ref. [19]). This result demonstrates the high
efficiency of the parity-transfer reaction for investigating 0− states.
For the data analysis, the angular distributions were calculated in the distorted-wave Born
approximation (DWBA) by using the computer code fold/dwhi [30]. In this calculation,
the Franey-Love NN interaction at 270 MeV [31] was double-folded over the transition
densities of the projectile and target systems. We applied the one-body transition densities
obtained from shell-model (SM) calculations employing the WBT interaction [32]. The
potential parameters for distorted waves in the optical model were generated by double-
folding the CEG07b G-matrix interaction [33].
The DWBA results of the 0−, 1+, and 2− states are shown in in Fig. 3(b). These curves
were convoluted with the experimental angular resolution (3 mrad in FWHM), and nor-
malized to the experimental data. The DWBA calculations predicted spin-parity-dependent
oscillatory patterns of the cross sections. The 0− state exhibited a strong forward peaking,
whereas the 1+ and 2− states showed a first maximum at finite angles. These patterns well
reproduce the experimental data of the known states, the 0− state at Ex = 9.3 MeV, the 1
+
g.s. and the 2− state at Ex = 4.5 MeV. Thus, the spin parities of the excited states can be
clearly determined from the oscillatory pattern of the angular distribution.
Utilizing the above-described unique feature of the angular distribution, we assigned
the Jpi values of states at Ex = 6.6 and 14.8 MeV (right panels of Fig. 3(b)). Here, we
assumed the target form factors of the known states, but this simplification does not affect
the following discussion because the shape of the angular distribution does not reflect the
details of the configurations. This fact is attributable to the strongly absorbing nature of
the reaction. The angular dependencies of the experimental data resembled that of the
Ex = 9.3 MeV state, and were well-fitted to the theoretical curves of 0
−, indicating that
these states are new 0− states. Although the data were also reasonably fitted (within the
error bars) to the theoretical curves of 1+, we discounted this possibility for the following
reason. If these states are 1+, we expect prominent peaks in the (n, p) and (d, 2He) spectra,
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TABLE I. Differential cross sections of the observed 0− states at the most forward reaction angle.
For comparison, the right column gives the SD 0− strengths in the SM calculation using the WBT
interaction [32].
This work SM calc. (WBT)
Ex(MeV) dσ/dΩ (mb/sr) J
pi
i
Ex(MeV) B(SD, 0
−)(fm2)
6.6± 0.4 0.77 ± 0.30 0−2 7.67 0.613
9.3 0.79 ± 0.28 0−4 10.10 0.863
14.8 ± 0.3 0.76 ± 0.23 0−6 12.99 0.286
similar to those in the ground state. As these peaks are absent in the previous experiments,
the states cannot be 1+ states. Therefore, we can reasonably conclude that the states at
Ex = 6.6 and 14.8 MeV are new candidates for 0
− states in 12B.
Table I summarizes the cross sections of the observed 0− states at the most forward
reaction angle, along with the SM-predicted SD 0− strengths in 12B [32, 34] for comparison.
The SM predicted three strong 0− strengths at Ex = 7.67, 10.10, and 12.99 MeV, consistent
with the distribution obtained in the present work. This agreement supports the existence
of 0− states at Ex = 6.6 and 14.8 MeV, consolidating that the parity-transfer reaction can
efficiently probe 0− states.
The present data might also resolve a long-standing controversy on the spin-parity of the
bump structure at Ex = 7.5 MeV (labeled “A” in Fig. 2(b)). The Uppsala and Los Alamos
groups, who studied the cross section of the 12C(n, p) reaction, attributed this bump mainly
to Jpi = 1− [34, 35]. Their result was supported by angular-distribution measurements
of the decay neutrons from residual 12B produced by the 12C(d, 2He) reaction, performed
at RCNP [36]. However, tensor analyzing powers of the 12C(~d, 2He) reaction measured at
RIKEN [19, 28] suggested a main component of Jpi = 2−. New polarization data from the
high-resolution 12C(~d, 2He) reaction experiment at KVI [20] have refined the picture. The
bump appears to comprise two components: a low-energy part with Jpi = 2− and a high-
energy part with Jpi = 1−. The inconsistency among the spin-parity assignments remains
unsolved.
Our data showed no apparent structure at Ex = 7.5 MeV, indicating that the structures
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seen in the (n, p) and (d, 2He) reactions are dominated by 1− states. This finding is expected,
because the parity-transfer reaction does not excite the natural parity state. Furthermore,
the candidate of the 0− state at Ex = 6.6 MeV suggests why the tensor analyzing power
data led to Jpi = 2− assignments. The tensor analyzing power Azz of the (d,
2He) reaction
at 0◦ is −2 and +1 for Jpi = 0− and 1−, respectively, and is close to zero for Jpi = 2−.
As the analyzing power data at RIKEN and KVI are close to zero, the authors assigned
Jpi = 2− to these states. Our data imply that the 7.5-MeV structure comprises a strong 1−
state and a 0− state. Assuming that the experimental observed Azz ∼ 0 arises from strong
cancelation of the tensor analyzing powers of the 1− (Azz = +1) and 0
− (Azz = −2) states,
the experimental data can be explained consistently.
The worse statistics in the present measurements than in previous works can be attributed
to the low intensity of the 16O beam (8×106 pps). The intensity is limited by the radiation-
safety regulations of RIBF, not by the experimental conditions. Thus, future experiments
with a higher-intensity beam would more definitively conclude the new 0− states in 12B, and
might discover hidden 0− states in other nuclei.
In summary, we demonstrated that the parity-transfer (16O, 16F(0−, g.s.)) reaction can
efficiently probe isovector 0− states. Here, we probed the 0− states in 12B via the
12C(16O, 16F(0−, g.s.)) reaction at 247 MeV/u. Owing to the remarkable selectivity of this
reaction, a known 0− state at Ex = 9.3 MeV was observed with an unprecedentedly high
signal-to-noise ratio. Furthermore, candidates of new 0− states were found at Ex = 6.6±0.4
and 14.8±0.3 MeV. Our data further imply that the bump structure at Ex = 7.5 MeV seen
in the previous (n, p) and (d, 2He) data is dominated by 1− states, but includes small 0−
components in its low-energy part. Based on this work, the present method can be extended
to heavier nuclei hiding a number of unknown 0− states. Discovery of these states would
provide valuable information on pion condensation in nuclear matter.
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